Aims/hypothesis A complex region covering numerous genes in 12q13 was first associated with type 1 diabetes in the Wellcome Trust Case-Control Consortium (WTCCC) study. Two studies performed in a white population have tested the association of polymorphisms within this region with age at onset of the disease, with seemingly contradictory results. We aimed at replicating three of the strongest signals in a group of patients with early and late disease onset. Methods Polymorphisms rs773107, rs2292239 and rs10876864 were genotyped in 444 type 1 diabetic Spanish participants (age at onset 0-65 years) and 861 controls. The influence of single nucleotide polymorphisms (SNPs) on age at onset was tested through stratified and continuous analyses.
Introduction
Chromosome region 12q13 was first associated with type 1 diabetes in the Wellcome Trust Case-Control Consortium (WTCCC) genome-wide study [1] . The strongest signal, rs2292239 (ERBB3), pointed to a region of strong linkage disequilibrium that included several genes. Todd et al. [2] replicated the WTCCC signal and analysed another one, rs11171739 (5′ of ERBB3, r 2 =0.71 with rs2292239), finding that rs2292239 remained the strongest marker. Both studies were performed in populations with age at disease onset under 17 years.
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A further study by Hakonarson et al. on 12q13 [3] included patients with age at diagnosis under 45 years. The authors aimed at replicating 24 signals identified in a previous genome-wide study [4] that were moderately associated with type 1 diabetes, and found the top hit associations in 12q13: rs773107 (RAB5B), rs10876864 (SUOX) and rs17017704 (IKZF4). They also conducted an age-at-onset analysis and found suggestive evidence of an effect on the age at disease onset.
In the most recent study [5] , the authors genotyped 19 single nucleotide polymorphisms (SNPs), including the five previously described, in patients with paediatric and adult onset type 1 diabetes. They also performed mRNA and protein expression analysis, providing some interesting evidence of ERBB3 as one of the causal genes in the region. However, they did not find evidence of age-at-onset effects in 12q13.
We aimed at replicating the original WTCCC signal and at evaluating the age-at-onset effect previously observed in a population with paediatric and adult onset of type 1 diabetes. For this purpose, we selected the original WTCCC signal (rs2292239) and two SNPs from the Hakonarson et al. study [3] : the one most associated with age at onset (rs773107) and the one that had lower r 2 with the original 12q13 signal (rs10876864).
Methods
Participants Spanish participants with type 1 diabetes (n=444, 47% female) were recruited, all insulin-dependent and diagnosed according to the criteria of the ADA. Healthy controls (n=861, 53% female) were recruited among blood donors in the Madrid area. Both controls and patients were of Europid ancestry. Control participants had previously passed genome-wide quality tests for population stratification [6, 7] . Moreover, analysis of five EuroAIMS (European Ancestry Informative Markers) did not show evidence of population stratification either (p>0.15, Electronic supplementary material [ESM] Note 1 and ESM Table 1 ).
Age at onset was available for 409 patients, ranging from 0 to 65 years (mean, 18.6±11.1 years; median, 16 years; interquartile range 11-25 years). Adult-onset patients were classified as having type 1 diabetes by positive autoantibodies (when available), lean body type and dependence on exogenous insulin since diagnosis. All patients with age at diagnosis over 35 years were autoantibody positive.
For stratified analyses, patients were classified as earlyonset (≤16 years) and late-onset (>16 years). This cut-off is extensively used in genome-wide association studies to exclude late-onset patients, and it is similar to the cut-off chosen in one of the previous studies on this locus [5] .
Informed consent was obtained from the participants included and the study was approved by the Ethics Committee of the Hospital Clínico San Carlos.
Genotyping Patients were genotyped using TaqMan Assays C__-8340401_10 (rs773107), C__15967467_10 (rs2292239) and C__-1523411_10 (rs10876864) in a 7900HT Fast RealTime PCR System (Applied Biosystems, Foster City, CA, USA) following manufacturer's conditions. The call rate for each SNP was over 95%.
Statistical analysis
No statistically significant deviations from Hardy-Weinberg equilibrium were observed. Differences in allele, genotype and carrier frequencies were calculated by χ 2 test. Associations were estimated using ORs with 95% CIs. Power calculation and statistical analysis was carried out using Epi Info v. 5 (CDC, Atlanta, GA, USA). Analysis of age-at-onset as a continuous variable was performed through Mann-Whitney U and Kruskall-Wallis tests using SPSS v. 15.0 software (Chicago, IL, USA).
Results
We found susceptibility effects of the minor alleles of polymorphisms rs773107 and rs2292239 in the case-control analysis ( Table 1 ). The χ 2 test for age-at-onset stratified analysis in rs773107 revealed a significant difference in homozygotes for the risk allele, and a trend for statistical significance in homozygotes for the risk allele at rs2292239. Comparison of paediatric and adult patients with controls in both polymorphisms showed that only paediatric groups were significantly different (Table 1 , footnotes a and b). For the analysis of age as a continuous variable (Table 2) , we followed the approach chosen by Hakonarson et al. [3] . Results in both polymorphisms were concordant with the associations detected in the stratified analysis, revealing that patients homozygous for the risk allele had an onset between 4 and 5 years earlier than those carriers of the protective alleles.
The case-control analysis of rs10876864 showed a trend towards statistical significance in the allelic comparison. A trend was also seen in the age-at-onset stratified analysis (Table 1) . When comparing each set of patients with controls, the paediatric group was the one significantly different (Table 1 , footnote c). Analysis of age at onset as a continuous variable was concordant with the results observed in the stratified analysis and showed that homozygotes for the risk genotype progressed to disease 2 years earlier than carriers of the protective allele (Table 2) .
Linkage disequilibrium between the three markers in our population was similar to that described for the HapMap CEU (Centre d Fig. 1 ).
Discussion
The association between the region 12q13 and age at onset of type 1 diabetes was analysed by Hakonarson et al. in a mixed population of European and American participants with European ancestry [3] . They found a trend towards association in three SNPs, which was strongest in rs773107 (p=0.047), and showed that homozygotes for the susceptibility genotype progressed to disease 1 year earlier (median=8.0 years; interquartile range 4.0-11.7) than homozygotes for the protective genotype (median=9.0 years; interquartile range 5.0-13.0). Although adult patients were included in the study, 75% had a diagnosis before age 13 years.
We selected rs2292239 as being the strongest signal originally identified in 12q13 and we had 86.5% statistical power to detect the previously described OR [2] . Out of the three SNPs studied by Hakonarson et al., we selected the marker most associated with age at disease onset (rs773107, r 2 =0.81 with rs2292239) and we had 73.25% statistical power [3] . However, according to the higher effect described for rs773107 in Wang et al. [5] , our statistical power would be 97.52%. We also selected rs10876864 (r 2 =0.57 with rs2292239) to explore new variability in the region, having Genotypic p values in case-control and age-stratified analyses were calculated by fixing the common homozygote in controls as the standard (OR 1), and separately comparing heterozygotes and homozygotes for the minor allele with it. ORs for all allelic comparisons (including footnotes) are calculated for the minor allele (defined by the frequency in controls) vs the major allele p values in the right hand column show comparisons between patients with paediatric onset (≤16 years) and adult onset (>16 years)
Allelic frequencies were compared between paediatric and adult-onset patients to explore differences within patients (data in the table), and afterwards, they were separately compared with control allelic frequencies to identify the significantly different group (data in footnotes) 74.25% statistical power to detect its effect [3] . Statistical power was calculated for α=0.05 in all cases.
In the present study, we aimed at replicating the age-at-onset analysis performed by Hakonarson et al. in a population with 50% paediatric and 50% adult-onset patients with ages at disease onset from 0 to 65 years. The age-at-onset study in a group with a wider age span allowed us to better discriminate the differences suggested by Hakonarson et al., and we found differences in disease onset of between 2 and 5 years in genotypes, alleles and homozygotes for the risk allele (Table 2) , while Hakonarson et al. showed differences of 1 year between protective and risk genotypes. They did not provide analysis for alleles or homozygotes for the risk genotype.
Wang et al. [5] studied several 12q13 markers in a group with early-onset (≤17 years, 62% of patients) and late-onset patients (>17 years, 38%), all North American individuals with European ancestry. The authors studied the SNPs in each group separately and found association between rs773107 and rs2292239 with both age groups and in the joint analysis. Concerning rs10876864, the association in paediatric and adult patients shows some differences that may point to an age-at-onset effect. The early-onset patients showed a stronger association (OR 1.3, p=2×10 ) than the adult-onset patients (OR 1.2, p=0.03) and the heterogeneity analysis was borderline significant (p=0.10), suggesting differences between both subsets. This opens the door to the possibility that the results in the late-onset group depend on the cut-off applied in stratified groups. An analysis considering age as a continuous variable, not shown in Wang's study, would help to shed light on this matter. Interestingly, among the other SNPs studied, the authors found one association in the earlyonset group (rs10521065, OR 1.3, p=10 ) that was not statistically significant in late-onset patients (OR 1.1, p=0.11). This would suggest that the region could have an effect on age-at-onset, as Hakonarson et al. pointed out. Wang et al. did not provide a detailed description of their sample (maximum, minimum, mean and median age at onset), which hampers further comparison between their patients and ours.
There are more than ten genes in 12q13 and at least three of them (ERBB3, RPS26 and IKZF4) are good candidates for type 1 diabetes pathogenesis. The polymorphisms described in 12q13 could putatively mark more than one causal gene, and it is possible that only one of them affects the age at onset. This, together with different linkage patterns that would modify the linkage disequilibrium between marker SNPs and aetiological variants through different populations, could explain the differences seen between both our study and Hakonarson's [3] , and the latter work by Wang et al. [5] .
